interest turned to the physiology of these organisms, and his study of their nutrition opened up a new field in bacterial physiology, that of autotrophic nutrition.
Following the death of de Bary, Winogradsky moved to Zurich in 1888 where he worked at the Agricultural Chemistry Laboratory under E. Schultze and in the Chemical Laboratory of the Poly technical School under Hantsch. Here he studied the process of nitrification and, applying the results of his work on the autotrophic nutrition of sulphur bacteria, isolated autotrophic bacteria that could oxidize ammonia and nitrite respectively. His investiga tion of the physiology of these organisms is a classic of bacteriology.
Winogradsky's scientific reputation was by now well established, and in 1890 Pasteur sent Metchnikoff to Zurich to invite him to join his staff, but shortly after this the Imperial Institute of Experimental Medicine of St Petersburg offered him the post of chief of the Department of General Microbiology which he decided to accept. He commenced work in 1891, and devoted most of his time to the study of nitrogen fixation under anaerobic conditions by Clostridium pasteurianum.
In 1902 he was appointed Director of the Imperial Institute of Experi mental Medicine, and in 1903 founded the Russian Society of Microbiology, of which he was the first President.
In 1905 failing health caused his retirement for seventeen years from scientific work. He lived on his estate in the Province of Podolia, devoting himself to farm management and to his music, but spending much of the winters at his villa at Clarens on the Lake of Geneva.
After the Russian Revolution he left for Switzerland in 1920. From there he went to Belgrade, where he was appointed Professor of Agricultural Bacteriology, but found that the facilities for research work then existing were inadequate to his needs.
In February 1922 he received a letter from the late Emile Roux, Director of the Pasteur Institute, inviting him to continue his research work at that Institute. This invitation he gladly accepted. A laboratory was adapted for him in a house on an estate belonging to the Institute, at Brie-Comte-Robert about 15 miles from Paris. Here, at the age of 66, and after an interval from research work of seventeen years, Winogradsky again took up his studies in soil microbiology, with the able assistance, during most of the subsequent period, of his youngest daughter, Helene. The work at Brie-ComteRobert had as its motive force the idea of studying the behaviour of soil micro-organisms in the soil itself and thus of bringing the soil microbiologist in closer touch with the soil. He developed techniques having this object, and published work on the general ecology of the soil microflora and on special groups of organisms such as those that fix atmospheric nitrogen, those that decompose cellulose and those involved in nitrification. Late in his life Winogradsky undertook the arduous task of editing his collected works; this work was published in 1949. After several years of failing health Winogradsky died on 24 February 1953, at the age of 96.
Scientific work
Winogradsky's researches thus cover two periods separated by seventeen years of retirement. As was very natural, the point of view that stimulated his work differed in the two periods. In his earlier work he sought to discover what micro-organisms were responsible for some of the most im portant biochemical changes in soil, the oxidation of ammonia to nitrate, the fixation of atmospheric nitrogen and the oxidation of sulphides, and to elucidate the physiology of the organisms concerned, where growing in pure culture.
Autotrophic organisms
The name of Winogradsky will always be associated with the discovery of that remarkable group of bacteria that are able to derive energy by the oxidation of an inorganic substrate and to utilize this energy in the assimi lation of carbon dioxide. The discovery of such organisms arose from his researches at Strassburg on the sulphur and iron bacteria. He chose these organisms for study because they had been cited by Zopf in support of his views on bacterial pleomorphism. Winogradsky thus began by studying the morphology of Cladothrix which he found to pass through a regular life-cycle, thus refuting the views of Zopf. In the course of the study of these thread forming organisms, Winogradsky became interested in their mode of nutrition and selected Beggiatoa as suitable material for study. The function of hydrogen sulphide and the role of sulphur that accumulated within the cells of this organism were at the time an unsolved problem. Winogradsky succeeded in elucidating the metabolism of this organism and to show that the sulphur provided energy enabling it to utilize the carbon from carbon dioxide and bicarbonates. He published a monograph on the morphology and physiology of the sulphur bacteria, published in 1888. In the same year he completed a study of some of the iron bacteria for which he also claimed the ability to derive energy by the oxidation of ferrous iron.
After moving to Zurich, Winogradsky began in 1889 his investigation of the process of nitrification. The great importance of nitrates to the nutrition of crops had stimulated great interest in the cause of nitrate formation, at about this time. In 1877, Schosing and Muntz definitely showed that the process was biological and it was also known that it took place in two stages with the successive formation of nitrite and nitrate. A number of bacterio logists, especially W arington at Rothamsted, had attempted to isolate pure cultures of the organisms responsible for the process, but in vain.
When Winogradsky turned to this problem he started with the advantage of having discovered that special groups of bacteria could utilize inorganic energy sources. He perceived that the oxidation of ammonia could also yield energy and supposed that, in this case also, the organisms concerned might be autotrophic.
In his search for organisms he therefore utilized a medium lacking organic matter and carried out his final isolations from plates of silica jelly with an ammonium salt or nitrate as the only source of energy. With this technique he succeeded in isolating two groups of autotrophic organisms. The first group, of which several strains were isolated, could oxidize the ammonium ion to nitrite. These organisms he placed in two new genera, Nitrosomonas and Nitrosococcus. The second group could oxidize nit nitrate. Only one such organism was found which he named He was able to show that the organisms were obligatory autotrophs deriving from ammonia and nitrite respectively the energy necessary to build up all their complex cell constituents from carbon dioxide and inorganic salts. These investigations were published in a series of papers from 1890 to 1892. Since that publication the main conclusions have been confirmed by other workers, but the great difficulty experienced in obtaining pure cultures of the organisms has shown how great was the technical skill involved in the original investigation. In 1931-33 Winogradsky and his daughter, Helene, made further investigations of nitrifying organisms and described several new types.
638
Obituary Notices
Nitrogen fixing organisms
In 1892 at St Petersburg, Winogradsky turned his attention to a second microbiological process of vital importance in the economy of nature, that of nitrogen fixation. This question was especially topical at that time because of the investigations of Hellriegel and Wilfarth in 1886 which demonstrated nitrogen fixation in the nodules produced by bacteria in the roots of legu minous plants. At that time, largely as a result of Berthelot's work, the belief existed that in addition to this symbiotic nitrogen fixation, there were other micro-organisms that brought about fixation of nitrogen when living in a free state outside the plant. But no organisms showing any marked activity in this process had at that time been isolated.
Winogradsky used the method that he had previously developed, that of 'enrichment culture', in which a soil inoculum was added to a medium specifically devised to encourage the preferential growth of organisms having the desired type of nutrition. In this case he employed liquid media supplied with a soluble carbohydrate energy source, but deficient in nitrogen compounds. In such a media an anaerobic spore-forming organism, Clostridiumpasteurianum, developed and was isolated. This organism was found to fix nitrogen in a medium free from nitrogen compounds to the extent of some 2 to 3 milligrams per gram of sugar decomposed.
In impure cultures from a soil inoculum incubated aerobically, W inograd sky observed a surface pellicle of bacterial growth. Owing to his interest in the anaerobe he failed to recognize the importance of this aerobic growth which was almost certainly composed largely of aerobic nitrogen fixing Azotobacter, isolated and studied eight years later by Beijerinck.
In his later years at Brie-Comte-Robert, Winogradsky made studies on morphology and physiology of Azotobacter and obtaine of the view now generally accepted that ammonia is a primary product of the fixation process.
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Micro-organisms attacking pectin and cellulose
While at St Petersburg, Winogradsky and V. A. Fribes made a study of the retting of flax, a process dependent on the microbial decomposition of the pectin which binds together the flax fibres. They succeeded, in 1895, in isolating an anaerobic bacterium capable of retting flax in pure culture. This work was not pursued to a point enabling a practical process to be developed, but extensive work by others has now resulted in the commercial use of cultures of bacteria, some of them anaerobic, in the retting of flax.
The decomposition of cellulose in soil is a process of the greatest impor tance not only because it contributes largely to the destruction of dead plant material but also because it supplies energy to micro-organisms that synthe size protein and hence 'lock up' otherwise available soil nitrogen.
Winogradsky took an early interest in the microbiology of this process and while he worked in St Petersburg, his pupil Omeliansky studied anaerobic organisms which he claimed could decompose cellulose. This gave rise to some controversy as to whether anaerobic or aerobic organisms were res ponsible for cellulose decomposition in soil. In more recent years a large variety of micro-organisms, including bacteria and actinomycetes, many of them aerobic, have been shown to attack cellulose, including an organism very active in carrying out the process aerobically that was isolated by Hutchinson and Clayton in 1918 and named Spirochaeta , although it is now placed amongst the Myxobacteria. During the period from 1926 to 1932 Winogradsky made extensive studies of different types of aerobic cellulose decomposing organisms in soil and in particular studied and classified strains of the organism of Hutchinson and Clayton, for which he preposed the genus Cytophaga.
Study of the soil micropopulation
When Winogradsky returned to active research work at Brie-ComteRobert after a lapse of seventeen years it was not unnatural that his field of work and outlook should have been much affected by knowledge obtained during this long interval. He took a critical view of the methods whose use had become current during this time and wrote several papers in which he discussed the lines along which soil microbiology had developed.
He concluded that while much information had been obtained as the behaviour in pure culture of organisms isolated from soil, very little was known as to the behaviour of the various components of the micropopulation in the soil itself. It is uncertain in most cases whether an organism shown to carry out a certain chemical change in vitro is the one mainly responsible for a similar process in the soil. Moreover, the same organism may show quite different morphology and may also differ in its nutritional behaviour in culture and in field soil.
Azotobacter seems to be an example of the latter difference. In pure culture this organism makes excellent growth when supplied with a suitable source of combined nitrogen, but in fresh soil a high content of nitrogen compounds is correlated with low numbers of Azotobacter, presumably owing to com petition by other micro-organisms that require such compounds. Thus, in the field, Azotobacter can only thrive where deficiency of available nitrogen reduces competition and is hence much more dependent on its power to fix nitrogen in nature than in pure culture.
The misleading results obtained from pure culture studies in artificial media led Winogradsky to develop a number of techniques for the study of the micro-organisms in the soil itself or under conditions resembling as closely as possible those existing in the soil.
He developed one such method, originally devised by H. J . Conn, for the microscopic examination of micro-organisms in a film of soil suspension dried on a microscope slide and suitably stained. Several methods for estimating the numbers of bacterial cells in a soil sample have been based on this technique, one of which was proposed by Winogradsky himself. By the study of such preparations made from soil, untreated and supplied with various nutrient materials, Winogradsky concluded that untreated soil contained a fairly stable microflora, but that the addition of a nutrient caused a sudden increase in certain groups of micro-organisms, whose nature depended on that of the added substance and other conditions. Such a change in the microbial equilibrium results in a series of successive phases during each of which a different micro-organism or set of micro-organisms predominates. He thus distinguished the condition of the micropopulation in untreated soil from the specific changes in this produced by particular treatments.
Winogradsky also developed a number of cultural methods for studying the development of colonies or other macroscopically visible growth of micro-organisms either on the soil surface, or arising from small particles of soil. He sought in this way to ensure that the growth developing arose from the intact soil population with the consequent influence of competition between its components and for this reason avoided the separation of the soil organisms such as occurs in the process of making a diluted soil suspension.
He recognized that agar provides nutrients available to soil micro organisms and hence used, for much of his work, plates of silica jelly to which different sources of food were added. Small particles of sifted soil were then placed or sprinkled on the surface and the development of growth from these was observed. The types of organisms appearing and the number of soil particles from which growth developed, differed according to the nutrient supplied. Hence, by using a variety of nutrient substances he sought to deter mine what organisms were caused to increase in the soil by each nutrient supplied. By adding a known amount of soil particles and counting the number from which growth developed the method can be made roughly quantitative and a modification of it was used, for example, to estimate the contents of nitrifying organisms in different soil samples. A second method evolved by Winogradsky depended on the development of visible colonies of micro-organisms on a smoothed surface of the actual soil made up into a paste with water containing an energy source in solution or suspension. This method was used for the study of growth in soil, in which case starch was usually used as energy source. In soils naturally containing Azotobacter or inoculated with a culture thereof, the development of colonies of this organism was found to be dependent on an adequate supply of lime and of available phosphate. Hence, by setting up such soil cultures with and without phosphate and calcium carbonate alone and together, the method could be used for determining the soil's requirements in these factors. This method of microbiological analysis has been extensively used as a test for deficiency in available phosphate in soil.
'
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In 1949, when Winogradsky was 93, he published a volume of his collected works, an immense and remarkable task for a man of his age, even with the able assistance of his daughter, Helene. This volume covers the whole of his life's work, together with comments made in the light of his later experience and thought. Winogradsky published his last paper, 'Sur la classification des Bacteries', in the Annales de VInstitut Pasteur, in February 1952, at the age of 95.
Winogradsky's place in soil microbiology
Perhaps the most striking characteristic of Winogradsky's work is its originality. This appears in such a fundamental concept as that of auto trophic nutrition and in his early appreciation of the need for the study of the complex interrelations in the soil population as a branch of ecology. It also appears especially in his development of new and ingenious methods characterized by their simplicity and by their effectiveness for the purposes for which they were devised. His use of silica jelly for critical nutritional studies, and his various methods for studying the growth of particular groups of micro-organisms in unsterilized soil, are examples of such technical origin ality. This originality was combined with an exceptional accuracy as an observer and with a critical ability which he displayed in his own work and in the surveys of the state of soil microbiology which he published from time to time. He also possessed the ability to perceive what were the most worth-while fields of study. These qualities resulted in his becoming a pioneer in several different fields of soil microbiology such as those concerning the sulphur cycle, nitrification, nitrogen fixation and the ecology of the soil population. In the course of these studies he also made valuable contributions to our knowledge of the taxonomy of several groups of soil organisms such as those responsible for nitrification and the remarkable group of myxobacteria concerned in the decomposition of cellulose.
In his private life Winogradsky was a pianist of outstanding ability and he would without doubt have become a leader in the field of music had he continued professionally in this line. In earlier life, riding, swimming and climbing were his more active pursuits.
He was always a shy and retiring man who found it hard to unbend even with those nearest to him. But he possessed a great store of kindness which he displayed especially to very junior colleagues and of which quality the writer has an early and pleasant memory.
For the occasion of his 80th birthday, Professor S. A. Waksman wrote an account of Winogradsky's life and work which is published in Soil , 62, 197-225. The present writer has freely drawn from this account and would like also to acknowledge the assistance rendered by Madame Helene Winogradsky in supplying personal details and in checking the biography and bibliography.
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